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Abstract
Persister cells are a subpopulation of bacterial cells known to be tolerant to
antimicrobials. Their reduced susceptibility to antimicrobials allows them to be the source
of recurrence of many chronic bacterial infections. As a result, it is vital to understand the
mechanisms that allow these cells to be able to evade further treatment. Furthermore, it is
currently unknown whether the persister cells are detected and killed by the host immune
response. In this work I explored the host-pathogen interactions between Pseudomonas
aeruginosa cells, both persister and regular, and human macrophages. I hypothesized that
persister cells would be engulfed at a lower rate compared to regular P. aeruginosa cells
and that the human complement present in serum would increase the engulfment rate for
both persisters and regular P. aeruginosa cells. Findings from this work result in a better
understanding of the interactions of the host and bacterial persister cells. A better
understanding of host-persister interactions will aid in the eradication of chronic infections
and antimicrobial tolerance.
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1. Introduction
Chronic bacterial infections are not fully resolved by the immune system or
antimicrobial treatments and can lead to reoccurring health issues in patients for many
years following the initial infection. One of the main sources of infection chronicity are
persister cells present within biofilms (Young et. al. 2002).
1.1 Pseudomonas aeruginosa
Pseudomonas aeruginosa, a rod shaped, Gram-negative bacterial species, is
commonly found in marine habitats on coastlines, soil-based environments, and on the
tissues of plants and animals, including tissues of humans. This bacterial species is an
opportunistic pathogen that can cause both acute and chronic infections (Stover et al.,
2000). Furthermore, P. aeruginosa is one of the ESKAPE pathogens, a group of bacterial
species that commonly cause nosocomial infections and are known for their resistance to
antibiotic treatments (Rice, 2010). P. aeruginosa is one of the model organisms used to
study biofilms. Biofilm development of P. aeruginosa consists of 5 stages: reversible
attachment, irreversible attachment, maturation I, maturation II, and dispersion (Fig. 1)
(Stoodley, Sauer, Davies, & Costerton, 2002). These developmental stages have differing
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degrees of gene expression, protein content, and growth (Stoodley et al., 2002). In this
work the P. aeruginosa PA14 strain was used, a clinical isolate commonly used in research.

Figure 1. The 5 stages of P. aeruginosa biofilm development (Stoodley et al., 2002).

1.2 Biofilms
It is common for bacteria to grow as a biofilm in nature. Biofilms are densely
concentrated cell communities, many times consisting of many bacterial species, bound by
extracellular polymeric substance (EPS) (Nadell et al., 2009). The EPS of biofilms is
composed of exopolysaccharides, lipids, proteins, and nucleic acids (Billings, 2015). The
biofilm formation, which consists of several developmental stages, has been shown to
provide protection for the collection of cells from antimicrobial killing (Donlan, 2002).
The overall composition of the biofilm leads to its tolerance to antimicrobials. Biofilms
are made up of microcolonies surrounded by fluid channels that provide the microcolonies
with nutrients. Each microcolony is surrounded by an extracellular matrix and due to their
thickness when mature, they have oxygen and nutrient gradients which are lowest within
the deepest areas of the microcolony (Johnson, 2008; Saini, 2011).
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Thus, biofilm

microcolonies contain microorganisms in different growth stages. Furthermore, biofilms
of different bacterial species can have a different composition and differing tolerances to
antimicrobials, due to the specific environmental conditions. The electrostatic and
hydrophobic characteristics of the extracellular matrix of biofilms also serve as protection
for the cells from antimicrobial treatment (Rani, et al. 2005). Extracellular polymeric
substances can stop the antimicrobial from fully penetrating the biofilm by binding directly
to the antimicrobial (Donlan, 2002). In addition, the biofilm puts stress on some of its cells
resulting in the development of persister cells which are metabolically dormant and exhibit
antimicrobial tolerance (Lewis, 2010). These cells are considered tolerant and not resistant
to killing, however, they do not grow nor do they die in the presence of antimicrobials
(Keren, 2004).
1.3 Persister cells
Persister cells are metabolically dormant cells that express an antimicrobial tolerant
phenotype first observed and named by Bigger (Bigger, 1944; Lewis, 2010). Entering the
dormant and low metabolic state allows for the cells to evade antibiotic treatment as they
do not produce normal byproducts that are the targets of many antibiotics; metabolically
active cells are corrupted by antibiotics to produce lethal byproducts through their normal
metabolic reactions (Lewis, 2007). Entering into the persister state is an altruistic strategy
as it is not beneficial for the individual bacterial cells, but it is beneficial for the population
of bacterial cells (Lewis, 2007). Antibiotics are still able to bind to the persister cells, but
the limited cell wall synthesis and translation leads to the bacterial cells evading the
antimicrobial (Lewis, 2007). Persister cells are typically 0.1% to 1% of a stationary-phase
planktonic cell population (Keren, 2004) and up to 1% of the total cells within a biofilm
3

(Marques et al., 2014). Despite their scarce numbers, persister cells are important as they
can revert to a metabolically active state when the antimicrobial stress is removed
(Wilmaerts, 2019). The ability to return to an active state implies that the persister
population can be the cause of recurrence of infections that cannot be eradicated using
common antimicrobial treatments (Lewis, 2007).
Persister cells differ from regular cells in various ways. Their antibiotic tolerance
is one characteristic that separates them from regular bacterial cells. This tolerance,
however, is not always due to a genetic mutation (Lewis, 2007). Due to their state of
dormancy or low metabolism, persister cells manufacture less proteins than regular cells
of the same species (Lewis, 2007). In addition, it has been recently found that THP-1
macrophages engulf persister cells of Staphylococcus aureus at a decreased rate, when
compared to regular cells (Mina and Marques, 2016).
1.4 Bacterial recognition by the immune system
Macrophages mature from monocytes once they penetrate infected tissues (Yang
2014). Macrophages are innate immune cells that perform phagocytosis and can present
antigens to T cells to help elicit an immune response (Unanue, 1984). Macrophages can
engulf bacteria using a variety of strategies. Macrophages can recognize a bacterial
pathogen by directly binding to pathogen associated molecular patterns (PAMPs) which
include structures that are common to many pathogens (Mogensen, 2009). Bacterial
PAMPs include lipopolysaccharides of Gram-negative bacteria, lipoteichoic acid of Grampositive bacteria, and polysaccharides common to bacteria. Once bound to the PAMPs,
the receptor, on the macrophage induces the cell to phagocytize the pathogen and/or secrete
cytokines. One major pattern recognition receptor that is relevant in this work is the toll4

like-receptor 4 (TLR4), as it binds to the lipopolysaccharide of P. aeruginosa (Mogensen,
2009). Subsequently, binding of the lipopolysaccharide to the TLR4 activates NF-κB
transcription factor which is responsible for inducing inflammatory responses to microbial
pathogens (Dorrington, 2019). Thus, the macrophage’s ability to recognize and engulf
persister cells is an important step to fighting an infection. In addition to the macrophages’
ability to engulf pathogens, macrophages can also release pro-inflammatory cytokines,
such as IL-6 and IL-8, and anti-inflammatory cytokines, such as IL-10, in response to
presence of the pathogen in order to enhance the immune response (Mogensen, 2009).
Cytokines can cause increased immune cell adhesion to endothelial cells and vascular
permeability at the site of infection in order to call more immune cells to the damaged
tissue (Sprague, 2009).
Macrophages have the ability to eliminate engulfed bacteria by forming the
phagolysosome, when the endosome containing the pathogen fuses with a lysosome which
contains lysozyme, defensins, hydrolytic enzymes and reactive oxygen and nitrogen
species (Weiss, 2015). The contents of the phagolysosome function to eliminate both
intracellular material and extracellular material, including pathogens (Gao, 2017). Thus,
the macrophage has the potential to kill invading pathogens within the phagolysosome.
Opsonization of pathogens is one way to enhance the macrophage’s ability to recognize
pathogens. The human complement system is able to opsonize pathogens using serum
proteins. C3b and C4b are the opsonins that bind to the pathogen and are also able to bind
to complement receptors on the macrophage (Dunkelberger, 2010). The complement
system can be activated by the alternative complement pathway, the lectin pathway, and
the classical pathway. Once the complement system has been activated, the serum proteins
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are able to form the membrane attack complex which is made up of the C5b-C9 complex
that can penetrate cell membranes and cause lysis (Dunkelberger, 2010; Hovingh, 2016).
Currently, there is a lack of understanding of how the immune system recognizes persister
cell. Recent studies have shown they are engulfed at a lower rate by macrophages and
suggest that there is a lack of recognition of persister cells (Mina and Marques, 2016).
Additionally, the presence of human granulocyte macrophage-colony stimulating factor
(GM-CSF) has been shown to lead to an up-regulation of gene expression and to sensitize
P. aeruginosa to several antibiotics despite not changing the cell viability (Choudhary et
al., 2015).

1.5 Aims of this work
In this work we hoped to fill the gap in knowledge on the effect of certain components of
the immune system on P. aeruginosa persister cells. To achieve this, we determined:
1. The engulfment rate of P. aeruginosa persister and regular cells by
macrophages.
2. The ability of macrophages to eliminate persister cells as compared to
regular cells.
3. The complement’s effect on the immune system’s response to persister cells
by observing the opsonization by complement and the membrane attack
complex

6

2. Materials and Methods
2.1 Bacterial strains and overnight cultures
In this work 2 bacterial strains were used: Pseudomonas aeruginosa PA14 and
Staphylococcus aureus ATCC 6538. Frozen bacterial stocks were prepared by diluting
overnights in skim milk (1:2) and stored at -80°C. These frozen stocks were streaked onto
a Lennox Broth (LB) agar plate. Cultures were aerobically incubated at 37°C in an
IncuShaker Mini (Benchmark Scientific, Sayreville, NJ) for 18-24 hours. One to two
individual colonies were picked from the streak plate and inserted into 100% LB.
Planktonic cultures were then incubated at 37°C with 220 rpm aeration for approximately
24 hours.

2.2 Isolation of persister cells
Overnight planktonic cultures, 100 mL in volume, were used to isolate persister
cells. The optical densities (OD) of 1 mL of the overnight culture was measured using a
DU Life Science UV/Vis Spectrophotometer (Beckman Coulter, Brea, CA) at a wavelength
of 600 nm. Overnight cultures were spun down at 16,000 xg for 5 minutes at 4°C.
Supernatant was discarded, and the pelleted cells were resuspended in PBS or 0.85% saline
and washed 2 times with 25 mL saline (3 centrifugations total, all at 16,000 xg for 5 minutes
at 4°C). The pelleted cells were then resuspended to an OD600 of 0.8 and the final volume,
100 mL, was split into two Erlenmeyer flasks, each with a total of 50 mL. The control
flask was labeled as “regular” cells while the second flask was labeled as “persister” cells.
The “persister” cells were exposed to 20 mg/L ciprofloxacin (Enzo Life Sciences,
Farmingdale, NY). Cultures were incubated at 37ºC with 220 rpm aeration for 48 hours
7

(Marques et al., 2014, Mina and Marques, 2016). Cell viability samples were collected at
0, 1, 3, 6, 18, 24 and 48 hours. At each time point the regular and persister cell cultures
were serially diluted and drop plated onto 1:2 plate count agar plates supplemented with
1% MgCl2 (to inactivate the ciprofloxacin). Cultures were incubated at 37ºC for 24 hours.
Once viable counts were determined, persister cell curves were performed. Experiments
were performed at least in duplicate.

2.3 Confirmation of persister cell isolation
To confirm that cells were in a persister state, persister cells isolated as described
in 2.2 were spun down at 16,000 xg for 5 minutes at 4°C. The supernatant was discarded,
the pellet was resuspended in LB medium, and the resulting culture was incubated for 24
hours at 37°C with 220 rpm aeration. After 24 hours, the culture reached stationary phase
and was used to re-isolate persister cells as described in 2.2. Experiment was performed
only one time.

2.4 Monocyte maintenance and seeding plates for infections
Human THP-1 monocytes (ATCC TIB-202) were maintained in Sigma-Aldrich RPMI
1640 media supplemented with 10% Corning fetal bovine serum (FBS) at 37ºC with 5%
CO2. Monocytes were replenished with fresh media every 3-5 days by spinning the cells
down and resuspending in fresh RPMI with 10% FBS. Previous to infections, 5x105
monocytes/mL were seeded onto 8 chamber slides and subsequently differentiated into
macrophages by adding phorbol-12-myristate-13-acetate (PMA) to the monocytes at a
concentration of 100 nM, followed by incubation at 37oC with 5% CO2 for a period of 3
days.
8

2.5 Macrophage infections
In order to prepare the bacterial cultures, persister and regular cells were isolated
as described in 2.2 and resuspended to an OD600 of 5. Regular cells were then diluted
1:1000 in order to equate the live cell count numbers to persister cells. The bacterial
inoculum was quantified by determining viable counts. In infections where bacterial cells
were pre-exposed to serum with human complement (Valley Biomedical Products &
Services, Inc.; catalogue #HC1004P) each culture was exposed to 10% serum with human
complement for a period of 30 min at 37oC.
Once the bacterial samples were prepared for the infections, the RPMI culture
media of the differentiated macrophages (see 2.4) was removed and discarded. Next, 150
µL of the prepared bacteria; regular diluted 1:1000, regular diluted 1:1000 with serum,
persister, and persister with serum were pipetted into each well. Macrophages were
exposed to the bacteria for 30, 60 or 90 minutes at 37ºC with 5% CO2. At each time point,
the bacterial culture was removed, the wells were washed three times with 150 µL PBS,
after which, 150 µL of 40 mg/mL gentamicin was added to each well to kill any
extracellular bacteria that remained and incubated for 60 minutes. Subsequently, cells were
washed as described above, to remove extracellular persister cells, and then 150 µL of 10X
triton (diluted from 100X Fisher Scientific) was added to each well and left to incubate for
45 minutes at room temperature to allow for the lysis of the macrophages. In order to
harvest the bacteria, the cultures were scraped from the bottom of the wells with a pipette
tip and the samples were collected into a microcentrifuge tube. Samples were then serially
diluted and plated onto 1:2 PCA to quantify the bacteria that were engulfed by the
macrophages (Mina and Marques, 2017).
9

2.6 Bacterial elimination by macrophages
Similarly to the protocol for infections, monocytes were differentiated into macrophages 3
days prior to infection. Once the regular and persister bacterial populations were isolated,
they were resuspended to an OD600 of 5, with regular being diluted 1:1000. RPMI was then
removed and discarded and 150 µL of bacterial cultures were dispensed into the wells.
Controlled wells consisted of unchallenged macrophages. Cultures were then incubated
for 60-90 minutes to allow for the infections to progress. Next, the bacterial culture was
removed and discarded, each well was then washed with 150 µL PBS 3 times. Then, 150
µL of gentamicin (40 mg/mL) was added to each well. Macrophages were then incubated
for varying amounts of time to determine whether the engulfed bacteria would be
eliminated. Cultures were incubated with 150 µL of RPMI for 0, 6 and 24 hours then, they
were washed with PBS, 150 µL of 10X triton was added to each well and cultures were
further incubated for 45 minutes at 37oC with 5% CO2. After incubation with triton, any
bacterial cells remaining were harvested, by scraping, from the bottom of the well and
placed into a micro-centrifuge tube.
appropriate media.

Samples were serially diluted and plated on

Negative controls consisted of macrophages exposed to culture

medium alone (Mina and Marques, 2017).

2.7 Effect of persister cells on cytokine production
Differentiated macrophages were infected with the various bacterial populations as
described above (2.5 and 2.6). Infections were performed for a period of 90 minutes, after
which, the supernatant was removed from each well and placed into a microfuge tube. The
collected samples were spun at 16,000 xg for 5 minutes in order to remove any bacterial
cells from the sample. The sample was then diluted 1:50 or 1:100 so that the concentration
10

of enzymes was able to fall in the range of the standard concentration curve. IL-6 and IL8 ELISAs were performed for the samples collected. All reagents for the assay were
prepared and brought to room temperature before use. ELISAs were set up and developed
as indicated by manufacturers protocols (R&D Systems, Minneapolis, MN). Once optical
density readings were performed, they were aligned to a standard curve and the
concentration of the cytokines present in each sample determined.

2.8 Effect of complement on persister cells
Persister and regular cells were isolated as described above (2.2) and resuspended to an
OD600 of 5. Regular cells were then diluted 1:100 for S. aureus and 1:1000 for P.
aeruginosa to match the viable cell concentration of persister cells. Then, each bacterial
culture was added to PBS or complement serum in microcentrifuge tubes (as in 2.5) and
incubated at 37°C for a total period of 24 hours. Samples were taken at 0, 0.75, 1.5, 3 and
24 hours where the complement was inactivated with 10 µL of 10 mM
ethylenediaminetetraacetic acid. Samples were then serially diluted, plated onto PCA
plates and incubated at 37oC overnight. Once colonies were quantified, the death rate was
determined and compared to controls which consisted of samples not exposed to
complement.
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3. Results
3.1 Isolation of Persister Cells
Persister cells are a subpopulation of bacterial cells that are tolerant to
antimicrobials and enter a dormant state previous to- and during- antibiotic treatment.
Persister cells can revert to an active, regular state when the antibiotic treatment is removed.
In this work, persister cells were isolated from planktonic stationary phase P. aeruginosa
cultures. Initially the work was performed under saline conditions (Fig. 3.1A), however,
instead of observing the expected biphasic killing in the presence of the antibiotic
(ciprofloxacin), once P. aeruginosa was exposed to ciprofloxacin (20 mg/L) for a period
of 24 hours, an exponential killing was observed. This potentially indicated that there was
no persister population. However, previous work demonstrated that this was not the case
(Marques et al., 2014).

Thus, P. aeruginosa cultures were exposed to 20 mg/L

ciprofloxacin in PBS for a period of 24 hours (Fig 3.1B). Cell viability was determined at
0, 1, 3, 6, 18, 24 and 48 hours. The resulting curve upon exposure to ciprofloxacin,
presented the expected biphasic killing in which cells were killed rapidly initially, followed
by a slower killing rate (Fig. 3.1B). Within the initial 6 hours, there was a steep decrease
in the cell count of the cultures as the susceptible active cells were killed by the antibiotic.
From 6 hours on, the rate of cell death was more gradual. Thus, indicating that persister
cells were present in the culture (Fig. 3.1B). Controls consisted of P. aeruginosa exposed
to saline or PBS alone for a period of 48 hours. These cells were named regular cells.
When selecting for regular cells, the viable cell count did not fluctuate nearly as much
compared to persister cells.

The regular cell viability remained relatively constant,
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decreasing 0.51% and 0.30% for saline (Fig. 3.1A) and PBS (Fig. 3.1B), respectively. The
persister culture cell viability decreased by almost 7-Log when isolated using 0.85% saline
(Fig. 3.1A), and 4-Log when isolated using PBS (Fig. 3.1B). The persister cells that were
isolated using PBS exhibited the more traditional biphasic killing curve, while the cells
isolated using 0.85% saline showed a steeper decrease in cell numbers throughout the 48hour period.

A

B

Figure 3.1: Isolation of P. aeruginosa persister cells. Planktonic cultures of P. aeruginosa were
maintained under continuous conditions. Persister cells were selected for using ciprofloxacin (20 mg/L)
and viable counts determined during the 48-hour period for both regular and persister cultures. Viable
cell count was determined by serially diluting sample at time 0, 1, 3, 6, 18, 24 and 48 hours. A persister
cell isolations in the presence of saline, and B persister cell isolations in the presence of PBS. Results
consist of the average of duplicate experiments and error bars indicate standard deviation. Two-way
ANOVA was performed for multivariant analysis followed by Tukey’s multiple comparison tests.
*P<0.05, **P<0.01, ***P<0.001.

3.2. Confirmation of the Persister State
In order to confirm that the bacteria entered a persister state, persister cells were
isolated as described above and after 24 hours of exposure to ciprofloxacin in PBS, the
cells were washed, resuspended in 100% LB, and allowed to re-grow for a period of 24
hours at 37oC. Once the cells reached stationary phase, they were exposed to ciprofloxacin
13

in PBS or PBS for a period of 48 hours. A nearly identical biphasic killing curve was
observed (Fig. 3.2), when comparing to the original persister isolation curve (Fig. 3.1B) .
After the 48-hour period, there was a decrease of cells alive by 3.5-Log when exposed to
ciprofloxacin for a second time. Cells exposed to PBS alone only experienced a decrease
of 0.04% in cells viability over the 48-hour period.

Cell Count (log 10)

1010
109

PBS

108

Ciprofloxacin (20 mg/L)

107
106
105
104

0

3

6 12 18 24 30 36 42 48
Time (hrs)

Figure 3.2: Confirmation of Persistence. Persister cells were regrown in LB medium for 24 hours and
challenged with ciprofloxacin (20 mg/L) a second time. Data is from one experiment.

3.3. Ability of macrophages to engulf P. aeruginosa persister cells
Once it was established that persister cells were isolated, it was decided to
determine whether macrophages can recognize persister cells and, thus, clear them during
an infection. The ability of macrophages to engulf pathogens depends on many factors,
one of them being the ability to recognize a pathogen. Here the ability of macrophages to
recognize and engulf persister cells compared to regular cells was investigated. Persister
and regular cells of P. aeruginosa were selected and used to infect macrophages
differentiated from THP-1 monocytes to determine relative susceptibility of each bacterial
population to engulfment. Infections consisted of 30, 60, and 90 minutes. At each time
14

point samples were collected, the macrophages were washed and exposed to gentamicin,
to remove any external bacterial cells. Subsequently, the macrophages were ruptured, and
the bacterial cells present inside the macrophages were quantified (Fig. 3.3). At all-time
points, persister cells were engulfed at a lower rate when compared to regular cells.
However, the engulfment of persister cells increased in average by 1-Log at 90 min, when
compared to 30 and 60 minutes. Furthermore, exposure of bacterial cells to complement
previous to infections, led to an increased engulfment of persister cells to similar levels to
that of regular cells unexposed to complement. Exposure of regular cells to complement
did not lead to a change in engulfment, when compared to regular cells.

Figure 3.3: Macrophage Infections. Differentiated THP-1 monocytes were exposed to both regular
and persister cultures of P. aeruginosa for 30, 60 and 90 minutes. Regular cell culture was diluted to
match persister cell concentration of viable cells. Number of viable bacteria engulfed by the
macrophage was evaluated at each time point. The results shown consist of 2 experimental replicates,
excluding 90-minute infections of regular with complement and persisters with complement, both of
which only have one replicate.
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Overall these results indicate that complement did not influence the engulfment of P.
aeruginosa regular cells but, led to a re-instatement of the engulfment of persister cells
similar to the one observed for regular cells.

3.4. Killing of persister cells by complement
The ability of the complement present in serum, to lyse and subsequently kill
bacterial cells was determined for both S. aureus and P. aeruginosa. S. aureus was chosen
as a control due to its known ability to resist complement killing (Jongerius, 2007).
Bacterial persister and regular cells were exposed to 90% of serum containing complement
for a period of 0, 0.75, 1.5, 3, and 24 hours. Bacterial viability was quantified at each time
point. As anticipated, regular cells of S. aureus were able to withstand complement killing
with a slight, not significant decrease in cell viability (<0.5 Log) over a period of 24 hours
(Fig. 3.4 A). Similarly, S. aureus persister cells were also not killed by complement (Fig.
3.4B).

B

109

Viable counts (CFU/mL)

Viable counts (CFU/mL)

A

108
107
PBS

106
105

Serum
0

2

4

6

109
108
107
106
105

9 12 15 18 21 24

0

2

4

6

9 12 15 18 21 24

Time (hrs)

Time (hrs)

Figure 3.4: S. aureus Bacterial Lysis due to Complement Present in Human Serum. Regular (A)
and persister (B) cells were incubated in 90% PBS or 90 human serum for 0, 0.75, 1.5, 3, and 24 hours.
After the incubation time, viability was determined. Results consist of the average of quadruplicate
experiments and error bars indicate SD.
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In contrast, to S. aureus, P. aeruginosa regular cells were killed by complement to
the point of eradication (Fig. 3.5 A). The viable cell count of P. aeruginosa persister cells
was only decreased by 2.5 Log in 24 hours due to exposure to complement; this being
significant when compared to PBS alone as it did not result in eradication of the population
as it did for regular cells (Fig. 3.5B). Interestingly, the killing pattern was biphasic,
characteristic of persister cells.
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0
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B 108
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A 108
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** **

0

2

***

4

6

9 12 15 18 21 24

Time (hrs)

Time (hrs)

Figure 3.5: P. aeruginosa Bacterial Lysis due to Complement Present in Human Serum. Regular (A)
and persister (B) cells were incubated in 90% PBS or 90% complement serum for 0, 0.75, 1.5, 3, and 24
hours. After the incubation time, viability was determined. Results consist of the average of
quadruplicate experiments and error bars indicate SD. Data originated together with Cody Hastings (PhD
Candidate; Marques Lab, Binghamton University). Two-way ANOVA was performed for multivariant
analysis followed by Tukey’s multiple comparison tests. *P<0.05, **P<0.01, ***P<0.001.

3.5. Bacterial Elimination by Macrophage
Once it was established that macrophages engulfed persisters at a lower rate
compared to regular cells, we decided to evaluate their ability to eliminate/kill them. In
addition to their ability to engulf bacterial cells, macrophages also have can engulf and kill
bacteria. Once engulfed, the endosome, containing the bacteria, fuses with a lysosome,
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forming the phagolysosome, and exposing the bacteria to enzymes that kill and degrade
the pathogen. Here, macrophages were allowed to engulf bacterial cells for a period of 60
min, after which, they were washed and exposed to gentamicin, to remove any extracellular
bacterial cells. The media was then replenished; this was considered time 0 hours.
Macrophages were then incubated for a period of 24 hours, to allow for the killing of
intracellular bacterial cells. Bacterial viability was determined at 0 hours and 24 hours to
determine the bacterial engulfment and killing. After 24 hours of incubation, the viability
of regular cells was reduced by 2.4 Log, indicating a killing of regular cells (Fig. 3.6). In
contrast, persister cells viability increased by 1.4 Log, indicating that P. aeruginosa
persister cells grow when inside the macrophages.

Viable counts (CFU/cm2)

105

Regular

104

Persisters

103
102
101

24

0

100

Figure 3.6: Bacterial elimination by macrophage. Differentiated THP-1 monocytes were exposed to
both regular and persister cells of P. aeruginosa for 60 minutes. Regular cell culture was diluted to
match persister cell concentration of viable cells. Viability was quantified at time 0 (bacteria that were
engulfed after the 60-minute infection) and 24 hours after the infections were stopped, to determine the
viable cells remaining in the macrophage. Data originated together with Cody Hastings (PhD
Candidate; Marques Lab, Binghamton University). Results consist of the average of duplicate
experiments and error bars consist of SEM.
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The ability of persister cells to grow inside the macrophages possibly indicate either a lack
of recognition by the macrophages that persister cells were engulfed or that the persister
cells are somewhat able to survive inside the macrophages.

3.6. Cytokine release as a response to persister cells
Upon finding that regular cells were killed by macrophages and that persister cells
were not, it was decided to investigate the response of macrophages to these populations.
In vivo, when macrophages reach the site of infection, they release cytokines in order to
signal other immune cells to the site of infection (Unanue 1976). Furthermore, the presence
of cytokines improved the ability of the immune cells to kill pathogens and thus to be better
at eradicating the infection (Arango Duque 2014). Here, the macrophages’ ability to detect
bacterial cells and release different types of cytokines was determined using ELISA.
Cytokines that were quantified include IL-6 and IL-8, both pro-inflammatory.
Macrophages were infected with both regular and persister cells of P. aeruginosa for a
period of 60 minutes. Subsequently, the supernatant was collected to quantify cytokine
release. Controls consisted of unchallenged macrophages (negative). IL-8 (Fig. 3.7A) and
IL-6 (Fig. 3.7B) abundance were significantly higher during exposure to regular cells
compared to negative controls. In contrast, exposure to persister cells resulted in no change
of IL-8, but a significantly higher abundance when compared to negative controls. Albeit
being higher than the negative control, the IL-6 abundance determined for persister cells,
was significantly lower than the one observed for regular cells (Fig. 3.7B). Thus, persister
cells elicit an immune response albeit not consistent, and significantly lower than regular
cells.
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Figure 3.7: Macrophage release of cytokines. Macrophages were exposed to regular and persister
cells of P. aeruginosa for a period of 60 minutes. Subsequently, IL-8 (A) and IL-6 (B) protein
abundance was quantified using ELISA. Values consist of the average of duplicate experiments and
error bars represent SD. Two-way ANOVA was performed for multivariant analysis followed by
Tukey’s multiple comparison tests. *P<0.05, **P<0.01, ***P<0.001.

Overall, in this work it was found that P. aeruginosa persister cells elicit an immune
response, albeit being lower than regular cells. In addition, persister cells also resist killing
by complement and can survive and grow inside macrophages.
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4. Discussions and Conclusion
Discussion
Persister cells are a subpopulation of bacterial cells that exhibit antimicrobial tolerance
while in a dormant metabolic state. Persister cells are present in both biofilms and
planktonic bacterial populations. Although it is hypothesized that these cells play an
important role in chronic infections, little is known about the immune response towards
these cells. In previous studies, S. aureus persister cells were shown to be engulfed at a
significantly lower rate by macrophages when compared to the engulfment rate of regular
S. aureus cells (Mina and Marques, 2016). This interaction between immune cells and
persister cells, and their supposed role in chronic infections, led me to question and explore
the following:
1. How does the macrophage’s rate of engulfment of regular P. aeruginosa cells
compared to the rate of engulfment rate of persister P. aeruginosa cells differ?
Furthermore, to what extent can macrophages eliminate previously engulfed
regular P. aeruginosa cells in comparison to the extent by which the macrophage
can eliminate persister P. aeruginosa cells?
For this question, I hypothesized that persister cells would be engulfed less than regular
cells and that persister cells would not be eliminated as much as regular cells.
2. How does the human immune system use the complement proteins present in serum
to directly lyse bacterial pathogens, S. aureus and P. aeruginosa, in both regular
and persister states? Additionally, how does the presence of complement affect the
engulfment rate of regular and persister cells?
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For both P. aeruginosa and S. aureus, I predicted that complement would lyse more
persister cells compared to regular cells.

I further predicted that the presence of

complement serum would cause higher engulfment rates compared to cells that were not
exposed to the serum.
3. How do the macrophages detect and respond to the presence of regular and persister
P. aeruginosa cells via release of inflammatory cytokines (IL-6, IL-8)?
I hypothesized that macrophages would release more inflammatory cytokines in response
to regular P. aeruginosa cells as compared to persister cells.

The results in this work may support my first hypothesis as exposure of
macrophages to P. aeruginosa persister cells had a lower trend on the rate of engulfment
compared to regular cells (Fig. 3.3). These findings are also supported by previous work
performed for S. aureus (Mina, 2017). Further work with exposing persister cells to
complement previous to infection demonstrated that persister cells are opsonized by
complement and subsequently engulfed at a rate similar to regular cells (Fig. 3.3). These
results support the idea that persister cells themselves are not completely recognized by
macrophages, and engulfed less than regular cells, however, upon opsonization they are
considered a threat and engulfed at a rate that is similar to regular cells’ engulfment rates.
When determining the ability of macrophages to eliminate persister cells, my hypothesis
was supported by data in this work. Persister cells were not eliminated by macrophages as
the regular cells were, they were able to grow, as in increase in cell count, within the
macrophage (Fig. 3.6). Thus, indicating that persister cells might not be recognized as a
threat and possibly do not completely activate macrophages. This was further supported
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when determining the cytokine release upon exposure to P. aeruginosa persister cells (Fig.
3.7). I found that when exposed to P. aeruginosa persister cells, macrophages release IL8 at levels similar to negative controls, and lower than when exposed to regular cells.
However, IL-6 levels, in the presence of P. aeruginosa persister cells were intermediate as
they were significantly higher than negative controls and significantly lower than the ones
quantified upon exposure to regular cells. These findings somewhat contradict previous
results for S. aureus persister cells (Mina, 2017) where there were no significant changes
for IL-8 and IL-6 detected upon exposure of macrophages to persister cells compared to
negative controls, unchallenged macrophages.
Although I did not determine opsonization rates, I was able to determine the effect
of complement on persister cells. In this work, I determined the complement effect of S.
aureus and P. aeruginosa. The prior being known to be resistant to complement killing. I
found that both persister and regular cells of S. aureus were not affected by complement,
as no loss of viability was observed (Fig. 3.4A and 3.4B). However, P. aeruginosa regular
cells were eradicated upon exposure to complement (Fig. 3.5A). In contrast, persister cells
presented resistance to killing by the complement following an initial decrease in cell
viability (Fig. 3.5B). These data further supports the inability of the immune system to
form a complete immune response to P. aeruginosa persister cells and the previous
findings for S. aureus persister cells (Mina, 2017).
Findings from this work further elucidate that persister cells can somewhat escape
the killing by the immune system, supporting that they can play a role in chronic infections,
where the immune system has been found to maintain persister cells at low levels to the
point that patients do not have symptoms.
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Conclusion
I hypothesized that persister cells are engulfed by macrophages at a lower rate than
regular cells are. Furthermore, I hypothesized that addition of complement serum proteins
to regular and persister cells would increase the engulfment rates for both bacterial
populations. Results from this work showed lower engulfment rate of persisters without
complement and increased engulfment with the addition of complement serum through the
infection times.

However, the results were not significant nor consistently shown

throughout all infection times. Additionally, I hypothesized that macrophages would
eliminate regular cells at a higher rate when compared to the rate of persister cell
elimination. The results do show higher elimination rate of regular cells as compared to
persister cells as well as show that persister cells are able to grow, or increase in cell
number, while within the macrophage. Furthermore, I predicted that macrophages would
release lower concentrations of pro-inflammatory cytokines (IL-6, IL-8) in response to
persister cells as compared to regular cells. Based on preliminary results, my hypothesis
that macrophages release lower concentrations of inflammatory cytokines (IL-6, IL-8) is
supported. The results of this work suggest that persister cells can avoid macrophage
engulfment, elimination and cytokine signaling to survive and, in some cases, grow within
their hosts. It is important to continue to research persister cells in order to be able to
eradicate chronic infections that result from the presence of persister cells.
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Future Studies
Research for the future should continue to explore the interaction between persister cells
and the host. Possible experiments to be performed:
1. Observe the engulfment rates over longer time periods including more
replicates of 90-minute infections as well as intervals spanning several
hours and even days. This could give insight to the ability of persister cells
to maintain their lower susceptibility to engulfment by macrophages
throughout an infection.
2. Focus on how persister cells interact with other immune cells such as
dendritic cells. Similarly, a mouse model for infections could be used to
determine the virulence of a persister cell infection in a whole organism.
3. In regard to the bacterial elimination portion of this work, future research
could use complement serum proteins to see their effect on the ability of the
macrophage to eliminate the pathogen.

Complement’s ability to lyse

pathogens via the membrane attack complex should be investigated more
thoroughly for many species of bacteria to determine the differences in lysis
for Gram-positive and Gram-negative species.
4. Focus on the concentrations of both anti-inflammatory and inflammatory
cytokines released by macrophages in response to persister cells. This could
give insight on whether the macrophage is able to start an inflammatory
response because of persister cells by releasing majority of inflammatory
cytokines or not.
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